H I G H L I G H T S
• Chick down feathers are a suitable matrix to estimate Hg concentrations in eggs.
• Marine diet increases maternal investment on egg size during egg-formation.
• Positive effects of marine diet on egg size are restrained at higher Hg exposure.
• Levels of Hg observed did not affect chick development or condition.
G R A P H I C A L A B S T R A C T a b s t r a c t a r t i c l e i n f o

Introduction
Variation in foraging strategies among individuals is dependent on both age and gender and can substantially alter ecological dynamics, i.e. interspecific interactions, population and community dynamics Bolnick et al., 2011) . In many species with a generalized diet, the co-occurrence of individuals with varying resource use and levels of specialization is a widespread phenomenon (Bolnick et al., 2003; Araujo et al., 2011) . Given that the acquisition and allocation of nutritional resources constitute key components of life-history strategies (Stearns, 1992) , individual variation in foraging strategies is likely maintained by spatial and temporal variation in the costs and benefits of consuming particular food items. This is namely driven by variation in competition, nutritional value, predation and/or pathogen exposure . Different foraging strategies may also yield various costs, such as potential exposure to environmental contaminants.
Mercury (Hg) constitutes an example of a contaminant whose route of exposure is intrinsically connected to the diet. Hg is a non-essential metal that occurs in different forms and oxidation states, of which organic methylmercury (MeHg) is the most bioavailable form and also most toxic to wildlife (Zhang et al., 2013) . As nonspecific cytotoxin, Hg toxicity occurs primarily via direct disruption of neurotransmission mechanisms (e.g. release and uptake of neurotransmitters at synapses, and inactivation of enzymatic neurotransmitter metabolism), leading to damage of the nervous system and consequently behavioural changes and impaired sensory and motor function (Wolfe et al., 1998; Presley et al., 2010; Nabi, 2014) . In birds, Hg intake has been observed to induce a wide range of effects, but seems to primarily induce impaired feeding, mating and parenting behaviour (Julie and Frederick, 2005; Kobiela et al., 2015; Frederick and Jayasena, 2011) , decreased survival (Wolfe et al., 1998; Wiener et al., 2002) , and reduced reproductive success (Evers et al., 2003; Taylor and Cristol, 2015; Mccullagh et al., 2015; Varian-Ramos et al., 2014) . Exposure of wildlife to Hg is commonly connected to the consumption of marine prey at high trophic positions (e.g. fish, cephalopods) due to the biomagnification of Hg across aquatic food webs (Wiener et al., 2002; Carravieri et al., 2014) .
To understand how Hg affects reproductive success it is, however, important to study foraging behaviour and Hg content in diet simultaneously, as the nutritional benefits of certain diets may be outweighed by contaminant exposure. In order to study diet composition in a noninvasive way, isotopic signatures have been widely used by ecologists, as they accumulate in predictable ways across food webs (Hobson, 1995; Klaassen et al., 2004; Anderson et al., 2009; Moreno et al., 2011; Weiser and Powell, 2011) . Therefore, the variation in isotope values among individuals in a population can be used to quantify the degree of individual variation in diet and food allocation strategies over time and space (Polito et al., 2009; Bearhop et al., 2002) .
The Lesser Black-backed Gull (Larus fuscus) is a useful model species to study how individual foraging strategies are related to variation in exposure to environmental contaminants (Hg) and reproductive performance. As generalist feeders, they exploit a wide range of food sources, but show varying degrees of individual specialization, ranging from predominantly terrestrial to predominantly marine foraging (Camphuysen et al., 2015; Kubetzki and Garthe, 2003) . Moreover, given that gulls often act as top predators in marine food webs, they are valid biological indicators for the impact of marine pollution such as Hg (Burger et al., 2009; Bond et al., 2015; Pereira et al., 2009; Velando et al., 2010; Thompson et al., 1998) . Environmental variation and changes in prey availability within and across breeding seasons are also factors likely to affect gulls. The ban on discards introduced for European fisheries (European Union, 2013), for example, is predicted to change dramatically the availability of food for bird populations that largely relied on scavenging this marine food source (Bicknell et al., 2013) . As opposed to diet specialists, generalist feeders such as L. fuscus are expected to better cope with such changes by adapting their foraging strategies and increasingly exploit novel prey sources in inland environments (Bicknell et al., 2013; Furness, 2007) . Such dietary shifts are likely to have an impact on fitness but also on the susceptibility of exposure to contaminants present in marine environments such as Hg, reason why monitoring contaminant load and foraging behaviour (via stable isotope analysis) is crucial.
By studying Hg levels and stable isotope signatures in different matrices of L. fuscus, such as eggs and chick feathers, we address the following research questions: (i) does Hg load of eggs vary with inferred maternal pre-laying foraging strategies; (ii) can chick down feathers provide similar information on maternal foraging strategies as eggs; (iii) does Hg exposure of offspring change between the egg-stage and the chick rearing period, and is Hg exposure pre-laying (down feathers) and post-hatch (primary feathers) correlated; and (iv) does Hg load via maternal deposition in eggs and/or parental input during chick rearing associate with proxies of reproductive success (clutch volume, chick growth rate and body condition)? We expected that a predominantly marine diet will increase Hg concentrations in both eggs and offspring via maternal and parental input respectively, which in turn may adversely affect clutch volume and early chick development and condition.
Material and methods
Species and study area
The present study focused on ground-breeding colony of Herring Gull Larus argentatus and Lesser Black-backed Gull L. fuscus located at the outer Port of Zeebrugge, Belgium (51°21′N, 03°11′E), which has been closely monitored since 1999 (detailed data collected and managed by the Research Institute of Nature and Forest, Belgium). Samples were collected from one species, L. fuscus, which is monogamous and shows delayed maturation as well as a high breeding site fidelity (Burger et al., 2017; Bosman et al., 2013) . Belgian L. fuscus migrate south in late summer, mainly overwintering in the Iberian Peninsula, and North Africa (Stienen et al., 2016) . The first adults return to the breeding grounds already in December, but numbers stay low until March (Bosman et al., 2012) . Egg laying typically occurs from midApril begin May, and females lay up to 3 eggs per clutch (Bosman et al., 2013) . L. fuscus displays bi-parental incubation and bi-parental care for their offspring (Camphuysen et al., 2015) .
Field procedures
Samples were collected during the breeding seasons of 2012 and 2013. In 2012, 26 nests were randomly selected, marked with a numbered stick when the first egg was laid, and monitored daily until clutch completion (three eggs). All eggs were marked with a non-toxic, waterresistant marker in relation to their laying order. Following clutch completion, all three eggs were measured with a digital calliper (to the nearest 0.01 mm), and either the first or the second laid egg from each nest was collected and stored at −20°C until further analysis. Egg volume (cm 3 ) was calculated using the formula V = 0.000476 × L × W 2 , where L -egg length, W -egg width (Harris, 1964) . Clutch volume was calculated by summing each individual egg volume per nest. Nests in which one of the eggs was predated before measurement were excluded from the calculations. After hatching (age 0-1 days), down feathers of the two remaining chicks were collected.
In 2013, 47 nests were randomly selected and tagged when the first egg was laid. The same procedure was followed until hatching as in 2012, but no eggs were collected, and egg size was not measured. After hatching (age 0-1 days), chicks were individually tagged with insulation tape around the tarsus, down feathers were collected and chicks were measured for: body mass (digital scale, to the nearest g), total head size and tarsus length (digital calliper, to the nearest 0.01 mm). Chick growth was then measured every 3 to 4 days until fledging (age c.30 days). The exact age at which chicks were measured varied because all monitored nests were visited always on the same day in order to minimize colony disturbance. As a consequence, sample sizes of body condition of chicks at any specific age varied and collection of down feathers in newly hatched chicks (0-1 days) was not possible for all individuals (see Table 1 ). During the last measurement (age c.30 days), the outermost primary feather (P10) was collected.
Egg and feather processing for analysis
All 26 collected eggs were thawed, rinsed with distilled water to remove any adherent surface contaminants (i.e. faeces and detritus), and yolk and albumen fractions were separated. Yolk and albumen were freeze dried for 48 h -when constant mass was reached -and homogenised with a porcelain mortar and pestle. Delipidization of the yolk was carried out by washing egg yolk with a 2:1 mixture of chloroform and methanol for 10 min, until the egg protein phase precipitated completely. The lipid-free yolk fraction was then separated from the lipid phase by vacuum filtering, while rinsed with small aliquots of the 2:1 chloroform/methanol mixture to ensure all lipids were removed. Lipid-free yolk was left to air-dry overnight in a fume hood, and then dried for 24 h in an oven at 40°C. Albumen and yolk samples were weighted and kept dry and stored at room temperature until Hg and stable isotopes analysis.
All down and primary feather samples were washed twice, first with tap water, then in an ultrasonic bath to remove any adherent surface contaminant particles, and dried overnight at 40°C. Primary feathers were divided longitudinally in two parts excluding the shaft, whereas a pool of down feathers was used for both stable isotope and Hg analyses. From feathers used for stable isotope analysis, the adherent lipid content present on the surface of the feather was first extracted by washing in a 2:1 chloroform/methanol mixture for 24 h. All feather samples were finely cut into pieces, left to dry at 40°C until constant weight was recorded, and kept dry at room temperature until analysis.
Stable isotope analysis
δ 13 C and δ
15
N isotopic signatures were measured in lipid-free egg yolk (hereafter referred to as "yolk"), egg albumen, and chick feathers (both down and primary feathers) at the Department of Applied Analytical and Physical Chemistry of Ghent University (see Table 1 for sample  sizes and Table S1 for isotopic values). In addition, the isotopic signatures of ten potential food sources selected based on samples of chick regurgitations collected during previous years (Research Institute for Nature and Forest, unpbl. data) was obtained: earthworms sampled at three different locations in the vicinity of the colony; chicken meat, bread, and fried potatoes obtained from three different local market stores; starfish (Asteroidea), sea urchins (Echinoidea), bivalves (Donax sp., Macoma sp. and Mytilus edulis), crabs (Carcinus sp. and Liocarcinus sp.), and shrimps (Palaemon sp. and Crangon sp.) sampled at the coastal area adjacent the gull colony (Belgium, 51°14′23″N, 2°55′394″E); and guts of five different types of fish (Plaice Pleuronectes platessa, Whiting Merlangius merlangus, Cod Gadus morhua, Pouting Trisopterus luscus and Sole Solea solea) obtained from local fishermen (see Table S2 for isotopic values, Fig. S1 for cluster of prey sources). Analysis of δ 13 C and δ 15 N isotopic signatures in diet sources was carried following ASE lipid extraction, as described by (Bodin et al., 2009 ).
Maternal and parental foraging strategies
Maternal (egg and down feathers) and parental (primary feathers) foraging strategies were inferred from δ 13 C and δ 15 N isotopic signatures of chick's feathers using stable isotope mixing models in R package MixSIAR Version 3.1.6 (Stock and Semmens, 2013 ) that model the proportion of dietary source (prey) contributions to a mixture (consumer matrices sampled). Prior to MixSIAR analysis, a k-means cluster analysis on δ 13 C and δ 15 N signatures of all food items was performed to reduce the number of sources to those that differed in isotopic signature with N2δ, a prerequisite for reliably assigning the relative contribution of each source group to the consumer tissue/matrix (Stock and Semmens, 2013) . The cluster analysis resulted in three sources of food that significantly differed in isotope signatures (δ 15 N: F 2,7 = 126.5, p b 0.001; δ 13 C: F 2,7 = 18.27, p b 0.001; Table S2 ). These three sources were labeled as (i) Terrestrial food sources (hereafter "Terrestrial"), (ii) Marine food sources from demersal prey (hereafter "Marine Demersal") and (iii) Marine food sources from benthic prey (hereafter "Marine Benthic"). The mean (± SD) of δ 15 N and δ 13 C signatures of the food sources in each group were used as sources in the MixSIAR analysis. Discrimination factors estimating the diet-tissue/matrix assimilation rates of the isotopic elements were obtained from literature (see Table S3 ). Isospace plots revealed that δ 13 C and δ
15
N signatures of yolk, albumen, down and primary feathers varied along a marine-terrestrial continuum (Fig. S3, Fig. S4 ), showing individual (maternal and joint parental) variation in the use of marine terrestrial food resources during egg development and chick rearing, respectively. As the relative proportion of Marine Benthic sources was inferior to 0.05% in all matrices, the MixSIAR model was MixSIAR without this food type to estimate the proportion of marine sources in each matrix. All data retrieved from MixSIAR models was only considered when model convergence was achieved. Furthermore, as the inferred proportions of marine sources in albumen and yolk were strongly correlated (r = 0.82, p b 0.001), we chose to use only the proportion of marine sources in yolk (%MAR YOLK ) in the Statistical analysis and Results presented hereafter. 
Mercury (Hg) analysis
Total Hg concentration in lipid-free egg yolk and gull feathers was quantified by atomic absorption spectrophotometry (ASS) with thermal decomposition (Costley et al., 2000) in an Advanced Mercury Analyser (AMA, LECO 254) at the University of Aveiro. Egg and feather samples were analysed in triplicate based on a procedure adapted from Cabecinhas et al. (2015) , with a drying time of 60s, decomposition time of 150 s and waiting time of 45 s. Manual (deionized water) and internal blanks (empty cuvette) were always run in between each sample analysis to eliminate Hg residues. All blank measurements were re-run until values were consistently inferior to the detection limit of the equipment (0.02 ng Hg). Blanks before the beginning and at the end of all analyses were also carried out.
Accuracy and precision of the analytical method was assessed by analysis of certified reference materials (TORT-2 Lobster hepatopancreas and DOLT-3 Dogfish liver from the National Research Council Canada) (Pereira et al., 2008) . Average recovery of TORT-2 and DOLT-3 were 104% and 105%, respectively. The relative standard variation (RSD) between technical replicates was always lower than 5%.
Growth rate and body condition
Growth rate of head and tarsi were assessed as the slope from a regression of the trait (tarsus, head size) vs. age in the linear growth phase (Hauber and Moskat, 2008; Soler and De Neve, 2013) , i.e. between 0 and 20 days. The ordinary least square regression slopes were estimated for each individual chick of which three or more longitudinal measurements were obtained (N = 75 chicks). The slope of the regression of head and tarsi according to age reached significance in 97% of the chicks. The regression slopes of head and tarsi were strongly correlated (r = 0.90, p b 0.0001, N = 75), and therefore combined in one principal component (explaining 96% of the variation), hereafter referred to as Growth Rate Index (GRI).
Individual body condition of chicks was calculated (i) after hatching (0-1 day), (ii) at the age of 15 (±1) days, and (iii) at the age of 20 (±1) days. To account for the changes in the relationship between mass and morphometric measurements during chick growth, the scaled mass index (SMI) proposed by Peig and Green (2009) was as a proxy of body condition, which takes into consideration this variation by standardizing body mass of individuals to body size using a Standardized Major Axis (SMA) regression. Furthermore, as the SMI allows to retain the original units of body condition (grams, rather than regression residuals obtained by other approaches), body condition values produced are standardized and can be directly compared across studies of the same species. We here used total head size as a proxy of body size. SMI values for each age class were calculated as follows:
in which m i = body mass of individual i and L i = head size of individual i, b SMA = slope of the regression of ln body mass on ln head size of all individuals, and L 0 = arithmetic mean head size for the study population.
To calculate b SMA we followed the 2-step procedure described by Peig and Green (2009) . First, we conducted a linear regression analysis of body mass on head size to identify and exclude possible outliers (i.e. values with standard residuals exceeding ± 3). A total of 5 outliers (0-1 day: N = 2; 15 days: N = 1; 20 days: N = 2) were removed. Samples sizes of stable isotope analyses of down and primary feathers were too low to reliably test for relationships with chick growth and body condition (see Table 1 ).
GLMM were fitted with Residual Maximum Likelihood (REML), and based on F-statistics of fixed effects. We performed a stepwise backward elimination of non-significant variables. Significant effects correspond to values from reduced models. Values of non-significant effects correspond to the interim models from which they were eliminated. The significance level used for all tests was alpha = 0.05 (West et al., 2007) . Statistical analyses were conducted with SAS 9.4 (SAS Institute Inc., Cary, NC, USA), while figures were made with Statistica 8 (StatSoft Inc., Tulsa, OK, USA). and %MAR PF are summarized in Fig. 5 , as well as the tested relationships with reproductive parameters (clutch volume, growth rate and SMI) and laying date.
Results
Discussion
A strong variation was depicted in the isotope signatures of eggs and chick feathers of Lesser Black-backed Gulls, suggesting considerable individual variation in the use of marine and terrestrial food sources by breeding adults during the pre-laying and egg-formation period as well as throughout the chick rearing period.
Lesser Black-backed Gulls breeding in coastal colonies at the North Sea mainly scavenge on discards of fishing vessels when going at sea to forage (Gyimesi et al., 2016; Sotillo et al., 2014) . Consumption of such high trophic level prey has been attributed as the main pathway of Hg exposure in marine wildlife (Wiener et al., 2002; Carravieri et al., 2014) . Indeed, eggs and hatchlings with isotope signatures that showed predominant feeding on marine prey had more elevated levels of Hg compared to the ones with a terrestrial stable isotope signature (Fig. 3, Fig. 4A ), indicating that egg deposition may serve as a mechanism through which females depurate Hg and potentially other lipophilic contaminants accumulated from their diet prior and during egglaying (Brasso et al., 2012) .
Hg in eggs was transferred to the developing embryos as evidenced by a positive relationship between Hg concentrations in yolk and down feathers at the nest level. As such, our results provide further support for the use of down feathers from newly hatched chicks as proxies of both maternal exposure to and deposition of Hg in eggs (Heinz et al., 2010; Ackerman and Eagles-Smith, 2009 ). Stable isotope signatures of down feathers provide a record of the diet assimilated by the female during egg-formation period, as down feathers are grown during embryonic development, which entirely relies on nutrients allocated to the egg.
Thus, a predominantly marine signature in the down feathers was related to higher Hg loads in this and other studies (Ackerman and Eagles-Smith, 2009; Bryan et al., 2012) .
A higher maternal use of marine sources, as indicated by stable isotope signatures of yolk, was positively related to clutch volume (Fig. 4B) , which is a reliable proxy of maternal investment (Christians, 2002; Krist, 2011) . Maternal investment in eggs is typically determined by a combination of female quality and food availability (Grindstaff et al., 2005; Dobson and Jouventin, 2015; Christians, 2002; Krist, 2011) . Therefore, either higher quality females may have foraged more in a marine environment, or foraging in a marine environment allowed a larger maternal investment. Anyhow, the use of marine resources entailed the cost of increased Hg exposure. Hg load in eggs had a negative effect on clutch volume once this was disentangled from the positive effect of the marine diet. This result is in accordance with previous findings in other bird species (Fimreite, 1971; Evers et al., 2003) . Exposure to Hg seems therefore to partially counteract the positive effects of a marine diet on maternal investment in clutch volume.
The relationship between the marine isotopic signature and Hg load in primary feathers was non-significant, though the positive direction of this relationship was as expected. The lack of significance could be hypothetically explained by the low sample size of isotopic information in primary feathers (N = 13 chicks from 8 nests). Hg load did significantly increase from down to primary feathers, and this increment was associated with an increased marine signal in the stable isotope composition. Chicks therefore may have received on average a more marine diet compared to that consumed by females during the egg formation period. Positive, though non-significant, correlations between down feathers and primary feathers in their stable isotope signature and Hg load open questions for further research such as whether male and female in a breeding couple have similar foraging patterns, and therefore maternal diet signatures in down feathers relate to parental diet signatures in the primary feathers of chicks. Alternatively, this result could indicate a high consistency in diet preference of the female throughout the breeding season, and thus the correlation across stages may be influenced by the fact that the female signature remains visible during chick development. Finally, courtship feeding could also contribute to explain this result. Courtship feeding in birds plays an important role in pair-bond formation and maintenance, mate guarding, clutch size and incubation success (Galván and Sanz, 2011; Lack et al., 1941) . In the particular case of L. fuscus, courtship feeding has been proposed as an important mechanism to supplement female's diet during egg formation (Brown, 1967) . Therefore, the signature of dietary items provided by males to females during egg-formation could also match the one of food items provided by males to chicks during rearing.
Contrary to the initial expectations, embryonic exposure to Hg, as reflected in the Hg levels measured in down feathers, was unrelated to body condition at hatching or subsequent chick growth rate. Similarly, no clear evidence was perceived on the relation between Hg in primary feathers and growth or condition of L. fuscus chicks. Primary feathers develop during chick growth and thus provide a useful matrix to infer the diet provided by parents and to assess the contaminant load for the chicks. The absence of such relationships is likely due to the fact that exposure levels were too low to induce deleterious effects. In a review of Eisler (1987) , Hg concentrations in feathers above 5 ng/mg have been linked with impaired avian reproduction such as lower clutch size, and hatching rate or decreased chick survival. To the best of our knowledge, no such information is available for down feathers or chick feathers, but values of Hg in down and primary feathers in our study (Table 2) were on average far below the threshold for reproductive effects referred in literature (Eisler, 1987) . Conversely, all endpoints assessed were narrowed until fledging age of chicks, thus we cannot exclude the chance that possible long-lasting effects are not captured. Due to the limited sample sizes of combined information on chick growth and stable isotope information of either down or primary feathers, it was not possible to statistically test for a direct relationship between variation in parental input of marine food sources and chick development/body condition. It cannot be excluded, thus, the possibility that the proportion of marine items provided via parental diet could relate to chick growth rate and at hatch and through rearing.
In conclusion, it is shown that stable isotope analyses were successful in attributing higher Hg concentrations to increased use of marine food sources. A predominant use of marine food by females during the egg-formation period positively contributed to investment in clutch volume, which was however counteracted at higher Hg concentrations. Thus, there seems to exist a cost-benefit balance on the consumption of marine prey in relation to maternal investment in their clutches. It is further validated that the use of chick down feathers is a suitable matrix to non-lethally estimate Hg concentrations in eggs. The stable isotope signature of marine sources increased from down to primary feathers, simultaneously with Hg load. Contrary to initial expectations, no relationship between Hg exposure and chick growth or body condition were highlighted, which may be due to the low concentrations found. At present, levels of Hg exposure reported at the Belgian coast do not seem to constitute a risk for development and condition of L. fuscus offspring. Further research on the topic should focus on assessing longlasting effects of Hg exposure on offspring fitness. financial support to CESAM (UID/AMB/50017/2013), through FCT/MEC National Funds, and the co-funding by the FEDER (POCI-01-0145-FEDER-00763), within the PT2020 Partnership Agreement and COMPETE 2020.
